GaN-on-GaN vertical devices are expected to find wide application in power electronics, thanks to the high current densities, the low on-resistance and the high breakdown voltage. So far, only few papers on the reliability of GaN-on-GaN vertical devices have been published in the literature. This paper investigates the degradation of GaN-on-GaN pn diodes submitted to stress at high current density. The study was carried out by means of electrical characterization and electroluminescence (EL) measurements. We demonstrate that: (i) when submitted to stress at high current density, the devices show significant changes in the electrical characteristics: an increase in on-resistance/turn-on voltage, an increase in the generation/recombination components, the creation of shunt-paths. (ii) the increase in on-resistance is strongly correlated to the decrease in the EL signal emitted by the diodes. (iii) the degradation kinetics have a square-root dependence on time, indicative of a diffusion process. The results are interpreted by considering that stress induces a diffusion of hydrogen from the highly-p-type doped surface towards the pn junction. This results in a decrease in hole concentration, due to the creation of MgeH bonds, and in a lower hole injection. As a consequence, on-resistance increases while EL signal shows a correlated decrease.
Introduction
Wide-bandgap semiconductors are promising materials for the fabrication of next-generation power converters: the superior material characteristics of gallium nitride (GaN) make it suitable for high-power and high-frequency operation [1, 2] . GaN exhibits a wide bandgap, high electron mobility, and high critical breakdown field, having better figures of merit compared to Si [3] .
Compared to conventional lateral components, vertical GaN devices offer the advantage of better area efficiency, a higher current/power density, and improved performance and reliability. The latter stems from the reduced defect density of GaN-on-GaN, compared to conventional GaN-on-Si devices [4] [5] [6] .
GaN pn junctions are used as the basic units of vertical power devices, and are the ideal structures to study and extract preliminary information on substrate material quality, doping, defects, generationrecombination rates, avalanche, impact ionization, minority carrier lifetimes, temperature effects, and reliability [7, 8] .
Only a few of papers have been published so far on stability and reliability of GaN-on-GaN devices; the aim of this paper is to contribute to the understanding of the degradation of GaN-on-GaN pn diodes stressed at high current density. Based on combined electro-optical measurements, we analyze the physical mechanism responsible for the change in the performance of the devices, with focus on the variation of series resistance and electroluminescence (EL) signal during the stress. Fig. 1 shows schematic cross-sectional view of the analyzed vertical GaN pn diodes. On a GaN substrate, three layers consisting of a Sidoped n GaN layer (10 μm), Mg-doped p GaN layer (0.4 μm) and Mgdoped p + GaN layer (0.02 μm) were grown. The Si-doped n-type GaN has a doping concentration of 2 × 10 16 cm −3 and an electron con- [5, 7, 9] . The analysis of the degradation was carried out by step-stress and constant current stress tests. Before carrying out the constant current stress measurement, the devices were submitted to a step-stress test with the aim of choosing the optimal current density to avoid instability. During the step-stress the current density applied to the pn diode was increased by 0.1 kA/cm 2 every 1800 s starting from 0.7 kA/ cm 2 until failure was reached (1.2 kA/cm 2 ). After this preliminary characterization, the devices were stressed at 0.7 kA/cm 2 for 36,000 s.
Experimental details
During stress, electrical and optical parameters of the devices were repeatedly monitored by electrical characterization and electroluminescence measurements. The analysis was carried out at room temperature. Fig. 2 reports the behaviour of the voltage during the step-stress; the staircase represents the applied stress current. Stress was found to induce severe instabilities of the operating voltage for current levels higher than 1 kA/cm 2 . For this reason, we performed the long-term stress tests at 0.7 kA/cm 2 , in order to obtain gradual degradation kinetics. The results of the constant current stress are shown in Fig. 3 . The voltage increases up to 22,000 s and then it starts to decrease up to 36,000 s.
Measurement results and discussion
The electrical and optical parameters were monitored during stress in order to better understand the physical mechanism responsible for the degradation of the pn diode. Fig. 4 reports the changes in the electrical characteristics of the devices at different stress times, and shows three main phenomena. The first phenomenon (marked as (1)), is observed after 300 s of stress at high current density (0.7 kA/cm 2 ), and consists in an increase in turn-on voltage (inset Fig. 4 ). This variation may be ascribed to a degradation of the p-side of the diode, as discussed in detail in the following.
After 6300 s (mechanism (2) in Fig. 4) , we observe an increase in the recombination-generation current at low forward-bias condition, which is ascribed to the increase in the conduction through deep levels (see discussion below).
The third phenomenon (mechanism (3) in Fig. 4) , that is observed after 31,500 s, is the increase in the current in the reverse bias region, due to the creation of shunt-paths.
To better understand the physical origin of degradation, we measured the EL vs current characteristics (L-I curves) of the device during stress. The results are shown in Fig. 5 : in the first phase of stress, we observed a gradual decrease of the optical power.
For longer times, the slope of the log-log L-I characteristics increases from nearly 1 (ideal junction) towards 1.7 ( Fig. 6 ): this is indicative of the generation of non-radiative defects within the space-charge region [7, 10] .
Remarkably, the decrease in EL is linearly correlated with the increase in on-resistance (Fig. 7) , indicating that the degradation of the ) carried out at different stress times. We can identify three main phenomena: the decrease in the current probably due to p-type activation process (1), the increase in the current at the low forward voltage region (2) and the increase in the reverse bias leakage current(3). Inset: IeV characteristics (linear graph) measured before stress and after 300 s at 0.7 kA/cm 2 .
electrical and optical characteristics have a common origin. This result can be explained based on the following consideration. Near the p-type contact, a high Mg-concentration is used to reduce contact resistivity [11] . During growth, a considerable amount of hydrogen is introduced within the p-GaN layer. In most cases, H-atoms create MgeH bonds with the acceptor dopant [12, 13] , thus reducing the free hole concentration.
Typically, H-concentration follows Mg-doping [14] ). During stress, the MgeH complexes can be broken by temperature and current flow, thus leaving H interstitials; the latter can then diffuse following the concentration gradient, i.e. towards the pn junction. The temperature increase alone is too small to explain the diffusion and other degradation processes in the analyzed device, current driven diffusion mechanisms might also play a significant role.
Diffusing atoms can passivate Mg doping near the junction, through the formation of MgeH bonds, thus decreasing the hole concentration.
A lower hole concentration results in a decrease in EL signal, and in an increase in turn-on voltage: this explains the results in Fig. 7 [10, 15] .
For longer stress times, the diffusion of H can trigger a further degradation process: diffusing hydrogen atoms can fill one of the dangling bonds that form a Ga vacancy, resulting in a hydrogenated gallium vacancy. Such complexes act as efficient nonradiative centers, leading to an increase in the slope of the log-log L-I curves [16] .
To verify the hypothesis that diffusion is involved in the degradation of device, the time-variation of the series resistance R S and of the EL signal emitted by the diode at 1 kA/cm 2 are analyzed by a diffusion model that obeys the Fick's second law in one dimension (Eq. (1)):
Here, N diff is the number of impurities that can be found at position x at time t, N 0 is the concentration of the impurities at the junction (that is assumed to be constant), erfc is the error function, x is the distance from the junction, D is the diffusion coefficient, and t is the stress time [17, 18] .
As shown in Figs. 8 and 9 , the series resistance and the EL signal (at 1 kA/cm 2 ) change with the square root of stress time. The square-root dependence of the stress kinetics confirms that diffusion is involved in the degradation of the diode.
The H diffusion process has already been proposed as a cause of degradation of LEDs [19] and laser diodes [17] . However, previous results were never shown the clean square-root dependence and the linear correlation between optical and electrical degradation of the homojunctions studied in this work.
Conclusions
In summary, with this paper we have presented an analysis of the After 36000 s Fig. 8 . Relation between the increase in the series resistance and the square root of stress time.
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Microelectronics Reliability 88-90 (2018) [568] [569] [570] [571] physical mechanism responsible for the degradation of GaN-on-GaN pn diodes submitted to constant current stress. Stress was found to induce both an increase in turn-on voltage (and on-resistance), and a decrease in the EL signal. Both on-resistance and EL intensity vary according to the square-root of stress time, demonstrating the existence of a diffusion process. The results are interpreted by considering that stress at high current levels favors a diffusion of hydrogen from the highly-doped p-GaN layer towards the pn junction. This results in an increase in the resistivity (due to the creation of MgeH bonds), a lower hole injection caused by acceptor compensation, and a decrease in EL signal. A further degradation process, detected for longer stress times, is the increase in SRH recombination, possibly due to the hydrogenation of gallium vacancies. 
